Rapid and correct diagnosis of acute myocardial infarction (AMI) plays a crucial role in saving patients' life. Although some biomarkers (such as cardiac troponin and creatine kinase) are available for AMI diagnosis so far, there is still a clinical need for novel biomarkers, which can reliably rule in or rule out AMI immediately on admission. Circulating microRNAs (miRNAs) are a potential choice for novel biomarkers in AMI diagnosis and prognosis with high sensitivity and specificity. Circulating microRNAs are endogenous miRNAs that are detectable in whole blood, serum, or plasma in a highly stable form. Until now, around 20 circulating miRNAs were reported to be closely associated with AMI. In this minireview, we summarized recent available data on the correlation between circulating miRNAs and AMI. Some miRNAs, such as miR-208, miR-499, miR-133, and miR-1, were given special attention, since they may have a potential prospect in diagnosis and prognosis of AMI.
Introduction
Coronary artery disease (CAD) is a very common health problem in the developed as well as developing countries. Acute myocardial infarction (AMI) is one of the leading causes for death worldwide, and it is the single largest cause of death in the United States, responsible for 1 out of every 6 deaths [1, 2] . Rapid and correct diagnosis of AMI plays an important role in therapy and prognosis for this disease. Over the past two decades, huge progress has been made in the diagnosis, treatment, and prognosis of AMI. Particularly, the progress in biomarkers for AMI attracted a great deal of attention. Currently, cardiac troponins are the most common biomarkers used for diagnosis of AMI in clinical practice. However, there is still a clinical need for novel biomarker, which is able to reliably rule in or rule out AMI immediately on admission. MicroRNAs (miRNAs) seem to be a promising candidate of novel biomarker for early diagnosis of AMI [3] . In the last few years, the dysregulation of tissue expression levels of miRNAs has been directly linked to cardiac disease.
In addition to expression changes in tissues, more recent studies have indicated that miRNAs are detectable in serum, plasma, urine, and other body fluids in a highly stable form that is protected from endogenous RNase activity [4] . Altered circulating miRNA concentrations have been detected in patients with AMI [5] , acute coronary syndrome (ACS) [6] , stable coronary artery disease [7] , heart failure [8] , coronary atherosclerosis, cardiac arrhythmia, cardiomyopathy, and cardiac hypertrophy [9] . This review will focus on a potential role of circulating miRNAs in diagnosis of AMI as novel biomarkers.
Circulating miRNAs
miRNAs are endogenous, small (∼22 nucleotides), singlestranded, noncoding RNAs that regulate gene expression at the posttranscriptional level by binding to the 3 untranslated regions (UTRs) of their target mRNAs [10] . When miRNAs completely bind to their target mRNAs, degradation of 562 Disease Markers the target mRNAs will be initiated. But, when the miRNAs bind partially, the translation of mRNA is repressed. miRNAs are involved in multiple biological processes, such as proliferation, migration, differentiation, secretion, excitation, conduction, cell cycle, ageing, and apoptosis, by changing protein expression of potential candidate targets [11] .
miRNAs have recently been detected in serum or plasma, which are referred to circulating miRNAs. Despite intense research, the origin of circulating miRNAs remains largely unknown. A number of studies have reported that miRNAs are actively secreted in microvesicles or exosomes from different cell types [12] , which are a likely source of circulating miRNAs. So far, around 121 miRNAs were identified in exosomes from mast cells [13] , and sphingomyelinase 2 (nSMase2), a rate-limiting enzyme for ceramide biosynthesis, controls the secretion of exosomes to the extracellular matrix [14] . In addition to microvesicles or exosomes, microparticles and lipoprotein complexes (such as high-density lipoprotein complexes) are other possible sources of circulating miRNAs.
Microparticles are larger than exosomes of plasma membrane origin, contain miRNAs, and actively control cell communication process [15] . High-density lipoprotein (HDL) has been reported to transport endogenous miRNAs and deliver them to recipient cells with functional targeting capabilities besides its basic role as a delivery vehicle for excess cellular cholesterol. Interestingly, the human HDL-miRNA profile from normal subjects is significantly different than familial hypercholesterolemia subjects. The most abundant miRNAs associated with HDL from normal subjects were hsa-miR135a, hsa-miR-188-5p, and hsa-miR-877, whereas the most abundant familial hypercholesterolemia HDL-miRNAs were hsa-miR-223, hsa-miR-105, and hsa-miR-106a. Therefore, human HDL not only transports endogenous miRNAs, but also can display different functions under different conditions and act as potential mediators in gene regulation and intercellular communication. The detection of circulating miRNAs in the plasma and serum indicates that miRNAs may fulfill biological functions outside the cell and act as potential biomarkers for diseases [16] . The human genome is estimated to encode up to 1000 miRNAs and over 100 miRNAs in serum were identified from healthy subjects [17] .
Stability and Isolation of Circulating microRNAs
Human miRNAs isolated from plasma are highly stable in boiling water, in solution with very high or low pH. Plasma miRNA levels remain stable when it is subjected to prolonged room temperature incubation or freeze-thawed multiple times. It has been reported that endogenous plasma miRNAs exist in a form that is resistant to plasma RNase activity [18] . Compared to the endogenous plasma miRNAs, rapid degradation was observed within minutes when synthetic miRNAs (corresponding to caenorhabditis elegans miRNAs cel-miR-39, cel-miR-54, and cel-miR-238) were added into human plasma. Inactivating the RNase activity before the addition, the exogenous miRNAs escaped degradation. Therefore, exogenous plasma miRNAs are not stable and are susceptible to rapid degradation, whereas native circulating miRNAs are stable and resistant to RNase activity [19] . There are multiple factors that account for the protection of circulating miRNAs against RNase-dependent degradation. For example, circulating miRNAs are not free in blood, which are normally included in microvesicles or exosomes. Furthermore, the circulating miRNAs can form the protein-miRNA complexes with some special proteins (such as nucleolar RNA-binding protein, nucleophosmin 1) to resist the degradation [20] . Although circulating microRNAs are stable, reproducible isolation of cell-free miRNAs with high purity is a technical challenge for multiple reasons. First, plasma or serum contains very low amounts of RNA. The yield of RNA from small volume of plasma or serum (usually less than 1 mL) falls below the limit of accurate quality control by regular methods. Second, high concentration of proteins in plasma or serum could potentially interfere with the sample preparation and the detection assay. Thus, avoiding protein contamination and hemolysis (lysis of red blood cells) in serum/plasma samples are important challenges to overcome. Finally, some of the larger small RNA species frequently used as reference genes (such as U6 RNA, cel-miR-39) to normalize the data of qPCR are present in extremely low concentrations in serum or plasma. Therefore, great care must be taken when choosing controls (miR-156 is an option) for normalization. Fortunately, with circulating microRNAs well recognized for potential diagnostic biomarkers in a wide range of diseases and biological processes, more commercial kits for high quality of circulating microRNAs isolation are available in the market.
Circulating miRNAs of Cardiac Origin and Acute Myocardial Infarction
Rapid and correct diagnosis is crucial to treatment and prognosis of AMI. Up to date, cardiac troponins and creatine kinase-MB are the most commonly used biomarkers for AMI, but their clinical value is limited in many cases. Secreted by cardiac cells and accumulated in blood, miRNAs are expected to reflect cardiac injury in response to cardiovascular risk factors and various pathological conditions. Thus, the circulating cardiac-specific or -enriched miRNAs (such as miR-208, miR-499, and miR-133) may provide unique biomarkers for diagnostic and therapeutic interventions of AMI [21] .
miR-208
. miR-208 is a cardiac-enriched microRNA and found at much higher levels during cardiac tissue injury. It is also involved in stress, hormone, or electric stimulation in cardiac cells [22, 23] . During cardiac development, miR-208 exerts a regulatory role in the production of the myosin heavy chain [24] . It has been reported that plasma concentration of circulating miR-208 levels was significantly increased following isoproterenol-induced rat model of myocardial injury. But this phenomenon was not observed after renal injury, indicating that circulating miR-208 is specific for cardiac injury. There was a good correlation between the changes in plasma miR-208 and cardiac troponin I (cTnI), a classical biomarker of AMI [25] .
miR-208a.
Through microarray analysis, miR-208a was absolutely identified to be expressed in the human heart. miR-208a was undetectable in plasma of healthy individuals or non-AMI patients (such as patients with acute kidney injury, chronic renal failure, stroke, or trauma), but it was easily detected in 90.9% AMI patients and in 100% AMI patients within 4 h of the onset of chest pain while cTnI
was not yet affected, suggesting that miRNAs may leak into the bloodstream at an earlier stage of myocardial injury (the biological peak of troponins is ∼18 h after AMI). It is reasonable to speculate that circulating miR-208a has advantages over cTnI (or cTnT) in distinguishing pure AMI from patients with renal disease, stroke, and trauma [5] . Interestingly, the elevation of circulating miR-208a in AMI could be persistent in adult mouse but not in human. A possible explanation for this phenomenon might be due to the different miRNA expression pattern between human and mice. miR-208a is encoded within an intron of -cardiac muscle myosin heavy chain gene (Myh6), while miR-208b, a close family member of miR-208, is encoded within an intron of -cardiac muscle myosin heavy chain gene (Myh7). There exists high degree of homology between miR-208a and miR208b in mice but not in human. It is likely that the persistently elevated plasma level of miR-208a after AMI might be the result of miR-208b interference [23] .
miR-208b.
In case of acute ST segment elevation myocardial infarction (STEMI) patients, the levels of plasma miR-208b increased 3,000-fold compared to healthy controls within 12 h after infarction. Peak values of miR-208b were well correlated with peak troponin I (cTnI) and the ejection fraction, indicating a possible role for circulating miR-208b as a biomarker in diagnosis of STEMI or in prediction of long-term complications [26] . In AMI patients, plasma miR-208b was increased 1600-fold compared with healthy subjects. The receiver operating characteristic (ROC) curve analysis revealed an area under the ROC curve (AUC) of 0.94, suggesting that miR-208b was an ideal biomarker for AMI. The changes in plasma level of miR-208b were consistent with plasma troponin-T, indicating that miR-208b was released from injured cardiomyocytes like troponin-T [27] . However, it is not all of the studies that supported the role of miR-208 as a biomarker for AMI. Adachi et al. reported that circulating miR-208b level appeared to be very low in AMI patients, and it was a useful plasma biomarker for AMI diagnosis [28] . Another study has recently demonstrated that circulating miR-208b might be used as a biomarker for AMI but it did not show any advantages over cTNT for AMI diagnosis [29] .
miR-499.
The gene encoded miR-499 is embedded within a ventricular-specific myosin heavy chain gene, which is almost exclusively expressed in the heart [30] . Plasma level of miR-499 was obviously increased in all patients with AMI but it was below the limit of detection for acute coronary syndromes, congestive heart failure, and for all healthy controls.
These results indicated that circulating miR-499 might be a useful biomarker for the diagnosis of AMI [28] . It has been demonstrated that plasma level of miR-499 increased 250-fold or 100-fold in patients with acute STEMI or AMI compared with healthy controls [26] . ROC curve analysis revealed an area under the curve of 0.92, which is correlated with circulating cTnT. In AMI patients with chest pain <3 h, miR-499 was positive in 93% of patients while the positive rate for hs-cTnT was 88%, suggesting that miR-499 is a sensitive and novel biomarker for the diagnosis of AMI [31] . However, results of ROC curve analysis from Li et al. 's study showed no advantage for plasma miR-499 over cTNT in AMI diagnosis.
Circulating miR-499-5p, a family member of miR-499, was increased more than 80-fold in geriatric patients with acute non-ST elevation myocardial infarction (NSTEMI) compared with healthy subjects. The ROC curve analysis showed that diagnostic accuracy of miR-499-5p was higher than that of TNT (AUC of miR-499-5p versus cTnT versus hs-cTnT: 0.86 versus 0.68 versus 0.70). Thus, circulating miR-499-5p is a potential biomarker and its accuracy is superior to conventional cTnT for the diagnosis of acute NSTEMI in the elderly patients [32] . Recently, a study demonstrated that miR-499-5p was higher in MI patients and was negatively correlated with the value of left ventricular ejection fraction, strongly suggesting that circulating miR-499-5p might be used for the evaluation of mortality risk [33] .
miR-133.
In a rat AMI model, plasma level of miR133a was increased at 1-3 h, peaked at 3-12 h, and decreased at 12-24 h after coronary artery ligation. In AMI patients, miR-133 plasma level was substantially higher compared with healthy controls. A positive correlation was also reported between the elevated plasma miR-133 and cTNI. These results provided evidence that miR-133 is a powerful biomarker for the diagnosis of AMI [5] . However, there were some different reports on circulating miR-133. In a report, no significant difference in plasma level of miR-133 had been found between AMI patients and healthy subjects [34] . Circulating miR-133 also showed no significant changes in AMI patients with tachyarrhythmia or bradyarrhythmia compared to those in patients without arrhythmias. Plasma levels of miR-133a and miR-133b, family members of miR-133, were reported to be upregulated in acute STEMI patients compared with healthy subjects, which was peaked at about 156 minutes after occurrence of infarction, consistent with time course of change in cTNI level. In contrast, the level of circulating miR133a was not significantly changed in mice subjected to acute hind-limb ischemia [35] .
miR-1.
The plasma level of miR-1 was reported to markedly increased in rats with AMI or in AMI patients, which was only mildly increased in patients with non-AMI coronary heart disease or patients with other cardiovascular diseases [5] . In a rat model of AMI induced by coronary ligation, serum miR-1 level was rapidly increased around 200-fold after AMI with a peak at 6 h, and the miR-1 level returned to basal levels at 3 days after AMI, which displayed a strong positive correlation with myocardial infarct size. In a clinical AMI: acute myocardial infarction; STEMI: ST segment elevation myocardial infarction; NSTEMI: non-ST segment elevation myocardial infarction.
study, the level of circulating miR-1 was increased nearly 100-fold in AMI patients compared with healthy subjects and showed a positive correlation with serum creatine kinase-MB (CK-MB) level. In another separate clinical study, plasma miR-1 level was significantly higher in AMI patients compared with non-AMI subjects and the level was returned to normal on discharge following medication. Interestingly, the increased plasma miR-1 was not associated with age, gender, blood pressure, diabetes mellitus, or other established biomarkers for AMI including cTnI and CK-MB. Moreover, in a necrosis model of cultured cardiac cells, miR-1 was found to be released into the culture medium and was stable at least for 24 h. Collectively, these results strongly support that circulating miR-1 might be a novel sensitive biomarker for AMI diagnosis [36] .
Circulating miRNAs of Noncardiac Origin and Acute Myocardial Infarction
In theory, the change of circulating miRNAs after AMI is due to the injured heart, which releases miRNAs into the blood. However, there is evidence to show that many changes in circulating miRNAs may not originate from the injured heart. In a recent study, whole-genome miRNA expression in peripheral total blood samples from AMI patients was analyzed and 121 miRNAs were reported to be dysregulated in comparison to healthy controls. Among them, miR-30c and miR-145 levels were found to be correlated with infarct size, miR-1291 and miR-663b were highly sensitive and specific for the discrimination of cases from controls, and a unique signature of 20 miRNAs was shown to predict AMI with even higher power (specificity 96%, sensitivity 90%, and accuracy 93%) [37] . These results indicate that miRNA signatures derived from peripheral blood cells could be also used as novel, sensitive biomarkers for the diagnosis of AMI. miR-126 is specifically and highly expressed in human endothelial cells. It has a potential role in angiogenesis and in regulation of endothelial homeostasis and vascular integrity [38, 39] . Circulating plasma miR-126 was significantly downregulated in AMI patients compared with healthy subjects. The plasma concentration of miR-126 also showed a good correlation with the plasma concentration of cTnI in AMI [40] . Circulating levels of miR-126 were decreased during transcoronary passage in patients with evidence of myocardial injury compared with noncoronary artery disease [41] . Recently, a prospective study has reported that circulating miR-126 has a positive association with fatal myocardial infarction [42] .
So far, more and more circulating miRNAs, cardiac origin or noncardiac origin, were reported to be potential biomarkers for AMI. Table 1 is a summary of the correlation between Disease Markers 565 circulating miRNAs and AMI from the recent literatures. As displayed in Table 1 , at least 13 miRNAs were reported as potential biomarkers for AMI. Among them, cardiac-specific or -enriched miRNAs (such as miR-208, miR-499, miR-133, and miR-1) attracted more attention [25, 27, 28, 34] . Since miR-208 and miR-499 were only detected in heart while miR-133 and miR-1 were highly expressed in both skeletal and cardiac muscle, in theory, miR-208 and miR-499 should have the advantages (such as more specific or sensitive) over miR-133 and miR-1 in AMI diagnosis. Actually, in Wang et al. 's study, they examined the plasma levels of miR-208, miR-499, miR-133, and miR-1 in AMI patients and rat model of AMI. After careful comparison and analysis of the results, they concluded that among these four miRNAs, miR-208 is a more reliable biomarker for AMI diagnosis [5] . However, in Devaux et al. 's study, they provided evidence that circulating miR-499 appeared clearly superior to circulating miR-208 for detecting cardiac damage [31] . Thus, it needs further studies to determine which one (miR-208 or miR-499) is the most potential biomarker for AMI diagnosis.
Conclusion
In summary, circulating miRNAs are resistant to endogenous ribonuclease activity and can be present in human plasma or serum in a remarkably stable form. It is believed that circulating miRNAs provide a novel class of minimal invasive biomarkers for AMI diagnosis. Until now, around 20 miRNAs were reported as potential biomarkers for AMI. However, most of the findings were based on relatively small samples, which lead to many divergences between different reports. Therefore, it is necessary to conduct independent and large cohort studies to identify those circulating miRNAs with real value in AMI diagnosis. So far, most of the studies focus on the role of circulating miRNAs as biomarkers for AMI diagnosis. The information regarding the prognostic impact of circulating miRNAs in AMI is still largely lacking. Actually, as ideal biomarkers, it is also important to be useful in AMI prognosis. Recently, we have found that plasma levels of miR-208b, miR-499, miR-149, and miR-424 were significantly elevated in AMI. Among them, miR-208b, miR-499, and miR-424 were rapidly decreased after percutaneous coronary intervention (PCI) (unpublished data), suggesting that miR208b, miR-499, and miR-424 might be potential candidates as biomarkers for AMI prognosis. It is a possible future direction to seek specific circulating miRNAs with potential value in AMI diagnosis as well as prognosis.
